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Abstract 
A life cycle assessment (LCA) was carried out on three separate drinking water production options—a groundwater 
treatment plant (GWTP), surface water treatment plant and seawater desalination plant (electrodialysis) in order to 
calculate the carbon footprint associated with each process and to identify the areas of production with high levels 
of GHG emissions in order to develop strategies for reducing their carbon footprint. The results obtained from the 
LCA show that the highest GHG emissions are from the seawater desalination plant via electrodialysis (ED) where the 
GHG emissions were 2.46 kg CO2 equivalent (eq). By comparison, the GWTP has the lowest carbon footprint emitting 
some 0.38 kg CO2 eq for water delivery to households. The GHG emission contribution of electricity generation for 
the GWTP, surface water treatment plant and seawater ED plants was 95, 82 and 98 %, respectively. Furthermore, the 
GHG emissions associated with this production process can be further reduced by including renewable energy power 
generation in its operations.
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Background
In Western Australia (WA), the water flows were 
dropped significantly during 1997–2005 from an annual 
average of 161GL (1974–1997) to 115GL per year (Perth 
Seawater Desalination Plant 2006). This is mainly due 
to the low rainfall and the climate change initiating the 
drought. Moreover, the demand on drinking water supply 
is also increasing owing to the rapid growth of the popu-
lations with the estimation around 3.5 million people by 
the middle of the century (Taylor 2010). Therefore, under 
the pressure of drought-stricken and rapid expansion of 
the populations, it is predicted there will be imbalanced 
between the water supply and the public demand if noth-
ing is done either to decrease the water demand or to 
improve the efficiency of water supply by 2030. In fore-
cast, the water demand will exceed the water supply by 
100GL on annual basis by 2030 (Mercer 2009).
The Integrated Water Supply Scheme (IWSS) is the sys-
tem that delivers water to over 2 million people in Perth, 
the Goldfields and Agricultural region and some parts of 
the South West each year. In 2014–2015, 17 % of water 
supplied into the IWSS came from surface water (from 
dams), 42  % from groundwater and 41  % from desali-
nated seawater (Water Corporation 2015). While less 
water will come from dams and more from desalination 
to secure groundwater sources in the future, the capaci-
ties of three currently used water supply options, includ-
ing Wanneroo groundwater treatment plant (GWTP), 
surface water treatment plant and seawater desalination 
plant, need to be increased due to this decreasing water 
flows and increasing demand on drinking water supply in 
Western Australia.
The demand for electricity and chemicals for operating 
these treatment plants will increase to meet the future 
water demand. Consequently, GHG emissions associated 
with increased energy and chemical consumption will 
increase due to increase in the water treatment capacities 
of these plants. It is therefore important to use an envi-
ronmental management tool that will allow to identify 
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environmental mitigation opportunities in the water 
treatment process.
Life cycle assessment has widely been used to assess 
GHG emissions and other associated environmen-
tal impacts for water supply and wastewater treatment 
options in Australia and elsewhere in the world (Bar-
ber 2008; Coday et  al. 2015; de Haas et  al. 2009; Foley 
et al. 2007; Foley et al. 2010; Hall et al. 2011; Raluy et al. 
2005; Stokes and Horvath 2006; Lane et al. 2010; Lundie 
et al. 2004; Racoviceanu et al. 2007; Shahabi et al. 2015a; 
Yoshida et  al. 2013). None of them have calculated the 
net GHG emissions from all existing and alternative 
water supply options in Western Australia. However, 
it is important for the policy makers such as Water 
Corporation of WA to devise strategies to meet the 
increased demand of water with minimum environmen-
tal degradation.
In the case of WA, Hardisty et  al. (2013) determined 
economically optimal wastewater treatment and dis-
charge strategies by monetizing financial, environmental 
and societal values of six water treatment options. Ho and 
Anda (2006) discussed the overall sustainability benefit 
of the use of decentralized wastewater treatment system 
over the centralized system in WA, but they did not deter-
mine the life cycle environmental benefits, such as carbon 
footprint and embodied energy consumption. Thompson 
and Waite (2003) studied the environmental impact of the 
discharge of treated water to coastal marine ecosystem. 
In-depth studies have been carried out for centralized and 
decentralized seawater reverse osmosis (RO) desalination 
options taking into account life cycle assessment, eco-
nomic feasibility, location of seawater, scale of production 
and clean energy sources considerations for WA (Shahabi 
et al. 2014; Shahabi et al. 2015a, b, c).
As the LCA of reverse osmosis desalination options 
has already been considered for WA (Biswas 2009; Sha-
habi et  al. 2014), an LCA has been carried out in order 
to estimate the carbon footprint of other exiting options 
in WA including groundwater and surface water supply 
options and to identify hot spots for finding GHG mitiga-
tion opportunities of these options.
In addition to existing GWTP and surface water treat-
ment plant, the current paper also considers the esti-
mation of GHG emissions from another promising 
alternative water supply option which is a desalination 
plant via electrodialysis (ED). Although RO is usually pre-
ferred to ED due to the handling of large volume of flow 
rates, the advantages of ED over RO are the usage of less 
chemicals during pre-treatment, longer life expectancy 
and operation at low-to-moderate pressure (AFFA 2002).
This proposed LCA is important as it will enable to 
compare the environmental performance in terms of 
GHG emissions from groundwater (or GWTP), surface 
water and electrodialysis treatment processes. The pro-
posed research will compare the GHG emissions of 
drinking water production from desalination plant (Bis-
was 2009) with that produced from GWTP, surface water 
treatment and ED plants. These outputs could provide 
additional information to Water Corporation to make a 
strategic decision in the implementation of less carbon-
intensive water supply options.
The available published literature have shown that 
the use of fossil energy contributed significant portion 
(>90 %) of the total GHG emissions from the water treat-
ment process (Racoviceanu et  al. 2007; Biswas 2009). 
However, the replacement of fossil energy with renewa-
ble energy could reduce the GHG emissions significantly 
by more than 90 %. Thus, this paper has assessed whether 
this electricity has been the hotspot for existing ground-
water and surface supply options.
Firstly, this paper presents the carbon footprint of three 
water supply options. Secondly, it has found out the most 
GHG emitting life cycle stage requiring further investi-
gation to find mitigation strategy. Thirdly, this paper has 
found out electricity as the hotspot for three water supply 
options. Finally, an estimation has been made as to what 
amount of GHG emissions can be avoided from the most 
emitting option due to the use of available renewable 
energy resources.
Methods
The methodology that has been used for evaluating the 
LCA of different water sources associated with the tech-
nology used for the water supply options is based on ISO 
14040-44 guideline (ISO 2007). The components of LCA 
that follows the ISO guideline are as follows: (1) goal and 
scope, (2) life cycle inventory, (3) life cycle impact assess-
ment and (4) interpretation.
Goal and scope
The goal is to compare the global warming performance 
or carbon footprint of water production for residential 
sector for different sources of energy used in three water 
treatment plants in Western Australia. A functional unit 
is needed for quantifying the inputs of water produc-
tion during the life cycle. The functional unit (FU) of this 
study is 1 m3 of scheme or treated water supplied to resi-
dential house, and this FU has in fact used to determine 
the scope or system boundary. The current study only 
considered the delivery of treated water to tap. It does 
not take into account the type of end-use appliances such 
as the type of smart shower head used. Nonetheless, the 
assessment of the carbon footprint on the capital equip-
ment such as piping system, storage tank, building and 
machinery are not included due to their long life span 
(Biswas 2009).
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Life cycle inventory (LCI)
LCI analysis is a prerequisite to carry out an LCA analy-
sis. LCI takes into account all inputs and outputs required 
for all stages until the amount of water consumed by the 
household. The LCI developed consisted of energy and 
chemicals of water extraction, water treatment and the 
water distribution stages. Tables  1, 2 and 3 show three 
life cycle inventories for groundwater, surface water and 
desalination systems to produce and deliver the same 
amount of drinking water supply (Water Corporation 
2011). These tables show the raw or reference data which 
were used to work out the amount of inputs for the pro-
duction and delivery of 1 m3 of scheme water from three 
different sources The LCIs for these three water treat-
ment processes have been discussed as follows:  
Wanneroo groundwater treatment plant (GWTP) 
was operated in the conventional water treatment route 
where aeration, coagulation, clarification and filtration 
steps are involved. Nonetheless, the dissolved organic 
carbon (DOC) in the freshwater at the end of the whole 
treatment process is up to 5  mg/L even though the 
enhancement on the coagulation stage is made especially 
during the periods of high flow (Lange et al. 2011). There-
fore, the Magnetic Ion Exchange (MIEX®) DOC process 
has recently been introduced by Orica Watercare, South 
Australia Water Corporation and the CSIRO prior to the 
coagulation in order to remove the DOC (Bourke et  al. 
2011). Figure  1 shows the process flow for the MIEX® 
water treatment plant. The amount of inputs required 
for aeration, coagulation, clarification and filtration 
processes (Fig.  1) or an LCI is presented in Table  1 in 
order to calculate the GHG emissions associated with the 
production and use of these inputs.
For the surface water treatment plant, the first step for 
the water treatment is the screening process. The main 
purpose of screening is to remove the gross debris and 
contaminants. This is followed by removing taste- or 
odor-causing matters as well as preliminary disinfection 
through pre-oxidization by using chlorine. This stage 
is known as pre-chlorination. The smaller particles are 
removed in the next step where alum and polymer are 
added to promote particle agglomeration in the floccula-
tion and coagulation process. Therefore, the smaller par-
ticles can be removed in the sedimentation and filtration 
steps easily. Finally, the second disinfection step is car-
ried out to kill any remaining disease-causing organism. 
Table 2 shows the LCI consisting of inputs for pre-chlo-
rination, flocculation and coagulation and sedimentation 
and filtration processes.
Electrodialysis (ED) process is commonly applied in 
the drinking and process water treatment plant from 
brackish water and seawater, treatment of industrial 
effluents and salt production. Since this process has 
not been used by Water Corporation, the basic con-
cept for operating the plant was obtained from Sad-
rzadeh and Mohammadi (2007). For an ED unit, it 
consists of a number of anion exchange membranes 
and cation exchange membranes (AEM and CEM) 
and being assemble alternatively in between an anode 
and a cathode electrode. When the driving force of 
Table 1 Life cycle inventory for Wanneroo GWTP for 1 m3 of water production and delivery
Inputs Reference quantity Unit Calculated quantity Unit per m3 References
Extraction process
Energy for pumping system 0.041 kWh/kL 0.041 kWh Goldstein and Smith (2002)
Pre-treatment process
Spray aeration 0.012 kWh/kL 0.012 kWh Goldstein and Smith (2002)
MIEX® resin 2.667 mL resin/year/person 2.8 mL Bourke et al. (2011)
Chlorine 4.800 mg/L 5.1 g Cadee et al. (2011)
Coagulation clarification
Alum 20.000 mg/L 0.2 kg Bourke et al. (2011)
Polymer 0.700 mg/L 0.74 g Cadee et al. (2011)
Energy for treatment 0.020 kWh/kL 0.02 kWh Goldstein and Smith (2002)
Energy for sludge handling 0.006 kWh/kL 0.007 kWh Goldstein and Smith (2002)
NaCl solution 90.000 g/L MIEX® resin 0.25 g Slunjski, Cadee and Tattersall (2011)
Filtration
Chlorine 2–10 mg/L 6.3 g Water Treatment Chemicals (2009)
Fluorine 0.7–1.2 mg/L 1.0 g Water Treatment Chemicals (2011)
Energy consumption 0.000079 kWh/kL 0.000079 kWh Goldstein and Smith (2002)
Distribution process
Energy consumption 0.318 kWh/kL 0.318 kWh Goldstein and Smith (2002)
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the direct current (DC) potential is connected on both 
of the electrodes, it will cause the separation of ion 
to occur by forcing the ion to migrate through either 
AEM or CEM. Figure 2 shows the ion separation in the 
ED cell in order to produce dilute with reduced level 
of salts or desalinated water. The amount of inputs 
required for operating the electrodialysis and pre- and 
post-treatment process have been presented in the LCI 
(Table 3).
The energy consumption for extracting seawater and 
surface water has been considered to be 0.032 kWh/kL, 
while 0.041 kWh/kL has been considered for groundwa-
ter (Goldstein and Smith 2002). The energy consumption 
of treated water delivery has been considered to be the 
Table 2 Life cycle inventory for surface water treatment plant for 1 m3 of water production and delivery
Inputs Reference quantity Unit Calculated quantity Unit per m3 References
Extraction process
Energy for pumping system 0.032 kWh/kL 0.032 kWh Goldstein and Smith (2002)
Pre-chlorination process
Chlorine 4.800 mg/L 5.05 g Cadee et al. (2011)
Flocculation and coagulation process
Alum 10–90 mg Fe3+/L 52.63 g Fe3+ Water Treatment Chemicals (2009)
Polymer 0.700 mg/L 0.74 g Cadee et al. (2011)
Energy for treatment 0.020 kWh/kL 0.020 kWh Goldstein and Smith (2002)
Energy for sludge handling 0.006 kWh/kL 0.0.006 kWh Goldstein and Smith (2002)
Sedimentation and filtration process
Lime 10–20 mg/L 15.8 g Water Treatment Chemicals (2011)
Chlorine 2–10 mg/L 6.3 g Water Treatment Chemicals (2009)
Fluorine 0.7–1.2 mg/L 1.0 g Water Treatment Chemicals (2011)
Energy consumption 0.00004 kWh/kL 0.00004 kWh Goldstein and Smith (2002)
Distribution process
Energy consumption 0.318 kWh/kL 0.318 kWh Goldstein and Smith (2002)
Table 3 Life cycle inventory for seawater desalination plant via electrodialysis for 1 m3 of water production and delivery
Inputs Reference quantity Unit Calculated quantity Unit per m3 References
Extraction process
Energy for pumping system 0.032 kWh/kL 0.032 kWh Goldstein and Smith (2002)
Pre-treatment process
Alum 10–90 mg Fe3+/L 62.5 g Fe3+ Water Treatment Chemicals (2009)
Polymer 0.700 mg/L 0.875 g Cadee et al. (2011)
Energy for treatment 0.020 kWh/kL 0.02 kWh Goldstein and Smith (2002)
Electrodialysis process
CR67, MK111 8.40 × 10−11 meq/g dry membrane 1.05 × 10−10 g Sadrzadeh and Mohammadi (2007, 
442)
AR204SXR412 9.80 × 10−11 meq/g dry membrane 1.22 × 10−10 g Sadrzadeh and Mohammadi (2007, 
442)
Energy for treatment 1.2–2.5 kWh/m3 2.3 kWh Pilat (2001, 388)
Brine 10–20 % 0.18 kL Pilat (2001, 388)
Post-treatment process
Chlorine 2–10 mg/L 6.4 g Water Treatment Chemicals (2009)
Fluorine 0.7–1.2 mg/L 1.0 g Water Treatment Chemicals (2011)
Lime 10–20 mg/L 15.9 g Water Treatment Chemicals (2011)
Energy consumption 0.00004 kWh/kL 0.00004 kWh Goldstein and Smith (2002)
Distribution process
Energy consumption 0.318 kWh/kL 0.318 kWh Goldstein and Smith (2002)
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same for all water sources (i.e., 0.318 kWh/Kl) (Goldstein 
and Smith 2002).
Life cycle impact assessment (LCIA)
Impact assessment is the conversion of GHGs associated 
with the production and use of inputs to CO2 equiva-
lent (kg CO2-e) amount of global warming impacts car-
bon footprint. Simapro 8.02 LCA software was used to 
generate the GHG emissions from different water treat-
ment plants (PRé Consultants 2015). The input data in 
the inventory were inserted into the LCA software to 
determine the global warming impacts. The database 
of Australian LCA has been used to calculate the GHG 
emissions from the production of chemical inputs (Life 
Cycle Strategies Pty Ltd. 2015). The results obtain from 
the LCIA will reveal which of the process route has raised 
higher GHG emissions.
In order to make the GHG emission results more repre-
sentative for Western Australia, local emission databases 
have mostly been used. In the absence of local databases, 
Ecoinvent databases were used to carry out the analysis. 
When neither a local nor a foreign database was available 
in the Simapro software for a particular product, a new 
emission database was created by obtaining GHG emis-
sion information from the literature (e.g., MIEX® Resin 
in this current LCA analysis).
The emission databases for chemicals is the Australian 
LCA database (Life Cycle Strategies Pty Ltd. 2015), which 
was used to calculate GHG emissions from the produc-
tion of chemical inputs, such as chlorine, polymer and 
sodium chloride. Only in few cases, the emission factor 
for alum and fluorine were obtained from the Ecoin-
vent database (Hans-Jorg 2010), as local databases were 
unavailable.
An Australian study has been used to determine green-
house gas emissions from the production of membrane 
for microfiltration while Mrayed and Leslie’s study was 
used for emissions from membranes (Mrayed and Leslie 
2009).
The emission databases for Western Australian elec-
tricity generation was used to calculate the greenhouse 
gas emissions (Life Cycle Strategies Pty Ltd. 2015).
Simapro software calculated the greenhouse gas emis-
sions once the inputs and outputs were linked to the 
relevant libraries. The program sorted greenhouse gas 
emissions from the selected libraries/databases and then 
converted each selected greenhouse gas to CO2 equiva-
lents (CO2-eq). Impact values of global warming are 
expressed over 20-, 100- and 500-year time horizons to 
enable policy makers to make relevant climate change 
decisions. Accordingly, individual greenhouse gas (CO2, 
CH4 and N2O) emissions from each production stage 
were converted to CO2-eq using established conversion 
factors for 20-, 100- and 500-year time horizons (IPCC 
2013). But we only used 100-year horizon for converting 
GHGs to CO2-eq as it is considered as the reference for 
climate change policy (UNFCCC 1992; Fearnside 2002).
Fig. 1 Process involves in a typical MIEX® water treatment plant (Bourke et al. 2011)
Fig. 2 Schematic view of an ED cell (Sadrzadeh and Mohammadi 
2007).
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Interpretation
Interpretation is the step where the outcomes from the 
inventory analysis and impact assessment are evaluated 
in detail and come out with a conclusion for the best 
product or process route selection by compromising 
the uncertainty and the assumptions made throughout 
the LCA analysis. It finds out which input in the LCI in 
the water supply option is causing most GHG emissions 
in the water treatment and delivery process so that the 
appropriate mitigation strategy can be identified. The 
process flow network in the Simapro 8.02 LCA software 
has been used to find the breakdown of all inputs in 
terms of GHG emissions to find out the hotspot.
Limitations
The researcher consulted the Water Corporation of West-
ern Australia during the time of the project to know about 
the details of groundwater and surface water treatment 
systems. The corporation was able to provide the pro-
cesses and chemicals used in these treatment processes 
only. Therefore, the amount of chemicals and energy used 
in these processes were sourced from available credited 
published sources. Thus, it is considered to be a limitation 
of this research as field data were not used.
Foreign databases and generic values for emission 
factors of alum and fluorine have been used due to the 
absence of libraries of these materials in the Simapro 
software.
Results and discussion
Carbon footprint of three different water supply sources
Figure 3 shows the GHG emissions from the delivery of 
1 m3 of water for groundwater, surface water and seawa-
ter sources in WA are 0.38 kg CO2-e, 0.42 kg CO2-e and 
2.46  kg CO2-e, respectively. From the results obtained, 
the GHG emissions from the seawater desalination treat-
ment plant through ED technology is the most significant 
where it is about 6.5 and 5 times for the GHG emissions 
from Wanneroo GWTP and surface water treatment 
plant, respectively. Wanneroo GWTP has the least GHG 
emission, which is due to the advantage of the use of 
MIEX® technology where lesser chemicals are required 
during the water treatment process. For comparison pur-
poses, it was derived from Biswas (2009) that the GHG 
emissions from a newly commissioned reverse osmosis 
(RO) desalination plant in Bunbury and Kwinana, West-
ern Australia, are 4.2  kg CO2-eqq per  m3 and 5.1  kg 
CO2-eq per  m3, respectively, which are about 1.7 and 
2.07 times higher than the ED or electrodialysis seawa-
ter desalination plant. This is because of the fact that RO 
operates at much higher pressure than ED, thus emitting 
additional GHG emissions due to increased electricity 
consumption.
Carbon footprint of different stages of water production
Figure 3 shows the breakdown of GHG contributions in 
terms of stages of water production and consumption 
Fig. 3 GHG emissions for different water sources in WA
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for three water supply options. In groundwater and 
surface water treatment processes, apparently the 
most significant GHG emission is via the distribution 
system. For the ED process, the most significant GHG 
emission stage is treatment process where 2.02  kg 
CO2-eq m3 is emitted. This is due to the energy-inten-
sive ED technology. ED process is highly dependent 
on the movement for the electrically charged ions to 
move toward either positive or negative membranes 
(Carter 2001). Therefore, the energy demand for the 
ED treatment process is greatly proportional to the 
salt content in the seawater. In the extraction stage, the 
water extraction from the groundwater has the highest 
GHG emission which is 0.04 kg CO2-eq per m3. This is 
owing to the higher energy consumption for the well 
pumping system which is 25 % higher than the energy 
used for surface water extraction (Goldstein and Smith 
2002).
This finding is similar to Racoviceanu et  al. (2007) as 
the water treatment facilities phase has contributed the 
most GHG emission which is 0.12  kg CO2-eq per  m3 
whereas the total GHG emission from the total energy 
use for a water treatment system is 0.13 g CO2-eq per m3. 
Similar to the current study, this study found that chemi-
cal manufacturing stage (0.045  g CO2-eq per  m3) and 
chemical transportation phase (0.01  g CO2-eq per  m3) 
contributed only very small amount (<10  %) of GHG 
emissions from water treatment.
Identification of hot spot
Hotspot is defined as the major contribution to the 
environmental and social aspect in a life cycle phase 
for a process or a product. Identification of the hotspot 
in a specific life cycle is very important to apply mitiga-
tion strategy for carbon footprint reduction. In this case 
study, two main inputs which are electricity generation 
and chemicals used have been investigated for identifying 
the hotspot for different water treatment plants (Table 4).
For Wanneroo GWTP, the GHG emissions from the 
electricity generation and chemicals used are 95 and 5 % 
of the total GHG emissions, respectively. Moreover, the 
electricity generation and chemicals used in the surface 
water treatment plant have emitted 82 and 18  % corre-
spondingly of GHG.
In the seawater desalination plant via the electrodialy-
sis (ED), 98  % of the GHG emission is originated from 
the generation of electricity while 2 % from the chemicals 
used. From the three sets of results obtained, the GHG 
emission from the electricity generation in the seawater 
desalination plant has contributed the highest percent-
age. This is owing to the energy intensity process of the 
electrodialysis process. A similar study carried out by 
Mrayed and Leslie (2009) found that the greenhouse gas 
emissions from the generation of electricity for the oper-
ation of seawater desalination plant accounted for a large 
proportion (95 %) of the total greenhouse gas emissions, 
followed by chemicals production (4  %). Also a North 
American study found that 90 % of the GHG emissions 
came from electricity generation and the rest from chem-
icals (Racoviceanu et al. 2007).
Mitigation strategy
The main objective is to reduce GHG emissions from 
the biggest polluting water supply option (i.e., ED) to the 
level of existing groundwater and surface water treat-
ment system in order to meet the required water demand 
for WA with no additional GHG emissions.
In order to reduce the GHG emissions from the 
hot spot, grid electricity that is predominantly gener-
ated from coal and natural gas has been considered to 
be replaced with the electricity generated from bio-
mass, wind turbines and photovoltaic plants. These 
three renewable energy resources have been considered 
because close to 37  % of Western Australia’s electricity 
could be produced from wind, biomass and solar pho-
tovoltaic (PV) by 2030, up from around 8  % currently 
(Clean Energy Council 2011).
In the case of WA’s coastal area, wind is a low-cost and 
fast-growing source of renewable energy as costs of elec-
tricity generation from wind power is around $90-$130/
MWh (Parkinson 2012), which is lower than the cost of 
electricity generation from solar PV ($225–$404/MWh) 
and solar thermal power plants ($200–$290/MWh) 
(Clean Energy Council 2011). Also in Western Australia 
most of the electricity generated by renewable resources 
comes from wind energy (The Climate Institute 2010). 
While current wind power production is insufficient to 
meet the needs of the ED plant in this case study, there 
is a significant potential for sourcing wind power to pro-
vide the total energy requirements of the plant to attain 
required carbon saving benefits.
Although biomass resource availability is considerably 
higher than wind for generating electricity in WA (Clean 
Energy Council 2011), the collection of the former is dif-
ficult due to their scattered locations. Considering these 
cost, technological and resource constraints, a scenario 
analysis has been considered for grid and renewable 
Table 4 Breakdown of  GHG emissions (kg CO2-e per  m
3) 
in terms of inputs
GWTP Surface water Desalination
Electricity 0.36 0.34 2.41
Chemicals and membranes 0.02 0.08 0.05
Total 0.38 0.42 2.46
Page 8 of 10Biswas and Yek  Renewables  (2016) 3:14 
energy mix for wind, solar and biomass for providing 
electricity for water treatment through ED process and it 
will help policy makers in the decision-making process.
The maximum GHG emissions from the generation of 
electricity from biomass, wind turbines and PV are 18, 
400, 9.7 and 217 tons CO2-eq per GWh energy gener-
ated, respectively (Lund and Biswas 2008). These emis-
sion factors have been considered when estimating GHG 
emissions from water treatment using renewable energy. 
Generally, the GHG emission can be reduced by 99, 74, 
49 and 25  % by substituting grid electricity with wind 
generated electricity by 100, 75, 50 and 25 %, respectively 
(Fig.  4). The bioelectricity has the lowest GHG emis-
sion mitigation potential as only 54, 40, 27 and 13 % of 
the total GHG emission can be mitigated for substituting 
100, 75, 50 and 25 % grid electricity with bioelectricity.
The comparison of three renewable energy scenarios 
shows that the electricity generated from the wind tur-
bines can significantly reduce the GHG emissions from 
water production and consumption. If 100 % of electric-
ity which is generated from wind turbines is used for 
water production and delivery, approximately 99 % of the 
total GHG emissions can be mitigated from three water 
treatment plants. Furthermore, the abilities of reducing 
the GHG emissions from the electricity generation via 
renewable energies are then followed by PV and biomass 
in the descending order. If there is 100 % substitution of 
wind, PV and biomass renewable energies in the electric-
ity generation, the GHG emissions can be reduced by 
99 % (i.e., 0.03 kg CO2-eq), 75 % (i.e., 0.61 kg CO2-eq) and 
54  % (i.e., 0.113  kg CO2-eq), respectively. It shows that 
the generation of electricity entirely from solar PV and 
biomass cannot help reduce the GHG emission to the 
level of groundwater (0.38  kg CO2-e) and surface water 
(0.42 kg CO2-eq) treatment options.
Although the use of 100 % wind energy can result GHG 
emissions far below the level of GHG emission from 
these existing GWTP and surface water treatment plants, 
the consideration of 100  % electricity generation from 
wind is a challenging task given its intermittent nature 
and availability potential. Therefore, it was derived from 
these results that 15  % grid and 85  % wind for electric-
ity generation can reduce the GHG emission of ED to 
0.39 kg CO2-e per m3, which is around the same level of 
GHG emissions produced by groundwater (or GWTP) 
and surface water treatment plants.
Conclusions
The life cycle assessment results show that the GHG emis-
sions from electrodialysis desalination water treatment 
plant (2.46 kg CO2 eq per m3) is 6.5 and 6 times higher than 
the existing GWTP and surface water treatment plants due 
to energy-intensive treatment process. Wanneroo GWTP 
has the least GHG emission, which is due to the advantage 
of the use of MIEX® technology where lesser chemicals are 
required during the water treatment process.
From the life cycle assessment performed in this case 
study, the hotspot of the GHG emissions from the three 
water treatment plant is the electricity generation where 
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GHG emissions (kg CO2 equivalent/m3)
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Fig. 4 GHG emissions for different energy mix for seawater desalination plant via electrodialysis
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in Wanneroo GWTP, surface water treatment plant and 
electrodialysis seawater desalination plant. Therefore, 
cleaner production strategy of input substitution has 
been applied to reduce the carbon footprint. Renewable 
energies of biomass, wind and photovoltaic are intro-
duced to replace the natural resources such as black coal 
and natural gas in the electricity generation stage. By 
using 100 % renewable energy, 97, 92 and 89 % of GHG 
emissions can be reduced via wind turbines, photovol-
taic and biomass, respectively. Lastly, based on the LCA 
performed, the best water supply system is the Wan-
neroo GWTP as it is having the smallest carbon footprint 
among the water supply systems.
Solar and biomass have not been found to be as prom-
ising as wind for providing electricity for reducing GHG 
emissions of ED further to the level of GHG emissions 
from groundwater and surface water treatment options. 
Since 100 % of the electricity generated from wind would 
be a challenging task, a maximum of 85 % substitution of 
grid electricity by wind could just reduce GHG emissions 
of ED to the level of existing water treatment options.
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